In this work, a fixed bed reactor is evaluated for CO2 capture from ambient air using an amine based ion exchange resin. Using adsorption experiments, the effect of superficial velocity and bed length on process economics is investigated. It is shown that the optimal conditions are found at an adsorption duration of 0.5-1.5 times the stoichiometric time for sorbent loading. To reduce pressure drop during adsorption, a radial flow reactor is proposed and designed for capturing CO2 from ambient air.
Introduction
CO2 is the main greenhouse gas (GHG), responsible for over 82.5% of total GHG emission. The concentration of CO2 in atmosphere has increased of ca. 100 ppm from pre-industrial period to 2007. The level of CO2 will reach 550 ppm by 2050 with the current rate of emission [1] . This increase of CO2 level predominantly originates from anthropogenic emissions. According to the IPCC, around half of the anthropogenic emission of CO2 emission come from distributed sources such as auto vehicles, aircrafts and heating systems in buildings [2] . Under these circumstances, capturing CO2 from air ("air capture") is gaining interest as it is considered as ultimate technology to mitigate anthropogenic emission of CO2 from dispersed sources. Capturing CO2 from air is independent on the source of CO2 and provides high flexibility on the choice of location. The captured atmospheric CO2 can be utilized as carbon source for e.g. storing excess renewable electricity in the form of methanol and for algae cultivation. The latter has been identified as potential source for not only fuel production, but for a wide range of consumer products.
One popular method for capturing CO2 from flue gas is based on aqueous amine solutions. These solutions are widely used to capture CO2 from high CO2 content gases, but are less suitable for CO2 capture from ambient air since the amine compounds responsible for capturing the CO2 deactivate rapidly when in contact with (dissolved) oxygen at regeneration conditions. Moreover, for CO2 air-capture there will be a significant solvent loss via evaporation since the solvent needs to be in contact with a massive amount of air [3] .
These limitations are largely overcome using amine-functionalized solid sorbents. For these solid amine sorbents it is generally assumed that they react along similar reaction pathways as for aqueous phase amine systems. An important advantage is that less energy is needed in the form of sensible heat as heating up the bulk of the water as solvent is avoided. The solid amine sorbents applied in a gas-solid process, are said to possess other advantages such as much faster sorption kinetics as liquid phase diffusion is avoided, higher CO2 capacity, higher stability, higher resistance to contaminants and less emissions [4, 5] . The feasibility of capturing CO2 from air using solid amine sorbents has already been proposed and confirmed by several studies [6] [7] [8] [9] [10] . Whereas for physical CO2 sorbents the presence of water vapor can be detrimental, for amine-based sorbents the capacity of CO2 even increases in humid air, compared to dry air [11] .
Having solid amine sorbents identified as a promising candidates to capture CO2 from air [10] , the next step is to realize this in a practical, technical feasible and economic viable operation. Taking into account the low concentration of CO2 in air and the low product price, this is a real challenge! Since there is only 400 ppm CO2 in air, a huge amount of air is required to supply enough CO2 to saturate the sorbent, making any reactor type leading to large pressure drop unfavorable. Evaluating the cost and feasibility of capturing CO2 from air with solid amine sorbents is still in an early stage. In literature, only very few studies on process-and reactor design for CO2 air capture are available which discuss to some extent reactor selection, cost estimation and optimization of some operating parameters such as adsorption time, gas velocities, energy for contacting, gas/solid efficiency and sorbent regeneration.
Kulkarni et al. estimated on basis of a theoretical study that the operational cost of capturing CO2 from air using an amino-modified silica adsorbent in a structured monolithic reactor around 100 $/ton CO2 avoided [12] . Brilman and Veneman estimated for a plate-type adsorber on basis of experimental adsorption capacities and cost estimations for amine-impregnated sorbent, contactor and operational costs a total cost of 150-200 $/ton CO2, including operational costs of around 55 $/ton CO2 [10] . Zhang et al. tested a PEI-silica adsorbent in a bubbling fluidized bed to capture CO2 from air. On the basis of their experimental results in bubbling fluidized bed, a conceptual design for CO2 air capture was proposed and estimated the operating cost to be 152 $/ton CO2 avoided [13] .
For gas-sorbent systems, the required duration in the adsorption phase plays a significant role. Choosing a short sorption time enables more loading/unloading cycles per day (a higher productivity [kg CO2/day]) and reduce sorbent costs, but on the other hand lead to incomplete sorbent saturation, and hence to inefficient sorbent usage and higher energy requirements per unit of CO2 captured. For the ion exchange resin studied in this work, initial work by Smal et al. [14] showed that the adsorption time required to saturate the particles under CO2 air capture conditions is in the range of hours rather than seconds. Hence, process-and gas-solid contactors based on solids circulation with short particle residence times and low sorbent holdup seem not attractive and are excluded from this study.
Two of the main challenging and partly conflicting conditions in capturing CO2 from air include sufficient CO2 supply (at 400 ppm in air) and minimizing pressure drop during adsorption. Pressure drop is an essential parameter as it is directly related to the energy consumption ( = • ∆P) for gas-sorbent contacting. Handling large amounts of gas for CO2 air capture is inevitable, since around 1400 m 3 of ambient air is needed per kg of CO2. Due to this, the pressure drop over the gas-solids contactor for CO2 capture from air should be much lower than for other CO2 capture processes. Only contactors which can realize a low pressure drop are viable for CO2 air capture. Based on pressure drop considerations, we will firstly select the type of reactor between the fixed bed family and the fluidized bed family. The pressure drop for a fluidized bed reactor is calculated via the gravity of the solid minus the buoyancy force [15, 16] .
The pressure drop for a fixed bed, assuming spherical beads, can be estimated by the Ergun equation [15] .
Pressure drop in both Eq. (1) and (2) is proportional to the length of the bed L. Therefore, a small height of the bed, in the order of magnitude of several centimeters, is the key to realize a low pressure drop. For a fluidized bed, it seems highly impractical for a very shallow bed to fluidize the solids as well as maintain a uniform gas distribution. Non-uniform gas distribution will lead to local bypassing of the sorbent bed, which decreases the gas removal efficiency. Furthermore, for very shallow beds the pressure drop over the gas distributer is significant, sometimes even larger than the pressure drop over the bed itself [16] . In contrast, a high-pressure drop gas distributer is not needed in case of a fixed bed reactor. We therefore anticipate here that a fixed bed contactor is a more attractive option for CO2 air capture as it is possible to operate with a small bed height.
In our previous work, we tested an amine based ion exchange resin on its feasibility to capture CO2 from air. The experimental results show that this adsorbent enjoys a high CO2 capacity and relative moderate water capacity during CO2 capture from air [14] . Next to CO2 adsorption capacity at different temperatures, there are still some parameters required for an optimum reactor design. Especially, optimization of the duration of the adsorption and the solid efficiency during adsorption are important. These two parameters are important as they determine the total amount of sorbent required (and the sorbent capacity per day) and the sorbent cost and energy efficiency of the process.
In this work, these parameters will be determined through experimental work on CO2 adsorption in a fixed bed contactor. Although the experiments were performed for a specific solid amine sorbent, the approach followed is likely to be applicable to other (amine-based) sorbents as well. Several important process parameters such as sorbent use efficiency, gas capture efficiency and adsorption time will be evaluated and optimized in terms of their influence on the process economics. From the experimental findings, guidelines for process-and reactor design for CO2 air capture are developed and will be presented.
Experimental

Material
The sorbent material used in this study is Lewatit VP OC 1065, a commercial ion exchange resin (IER) composed of primary amine functionalized polystyrene. The total amine loading, as measured by Alesi et al. [17] via Energy-dispersive X-ray spectroscopy (EDS) is 7.5 mole/kg. The resins beads are spherical with a diameter between 0.3 mm and 1 mm. The pore volume, surface area and pore diameter of the IER were measured to be 0.2 cc/g, 25 m 2 /g and 38 nm respectively.
Experimental set-up
Fig. 1. Schematic diagram of lab-scale fixed bed reactor
The experimental work focuses on the CO2 adsorption at ambient condition at various superficial velocities. For this purpose, a lab-scale fixed bed reactor was used to assess the process. The internal diameter and length of the reactor is 0.016 m and 0.50 m. A schematic of the set-up is shown in Fig. 1 . The CO2 concentration in the ambient condition in the inlet gas was created by mixing a flow of high purity (grade 5.0) N2 and a high purity (grade 5.0) CO2. The flow rates were controlled using two BROOKS mass flow controllers. The set-points of two mass flow controllers were adjusted to reach different superficial velocities. The JULABO F32 water bath was used to control the temperature of the reactor in both adsorption and desorption process. The CO2 analyzer (LI-COR LI840A) was used to monitor the CO2 concentration in the outlet gas of the fixed bed reactor (detection range: 0-2 mole %). The uptake rate of CO2 in the adsorption in the unit of mole kg -1 s -1 can be calculated from the measured CO2 concentration in the outlet. Besides, there are three thermocouples connected to the top, middle and bottom part of the reactor, the temperature signals at these positions together with the CO2 reading of the analyzer were recorded in the computer. In the adsorption process, 400 ppm of CO2 was purged into the reactor under the superficial velocity of 0.05 -0.3 m/s at the temperature of 25 °C with a loading of 1-3 g of sorbent. In the desorption process, pure N2 was purged into the system under the flow of 0.21 m/s at 80 °C. Desorption stops when the CO2 concentration in the outlet was below 10 ppm.
Methodology
Process parameter definition
The stoichiometric time is the minimum time required to reach the cyclic sorbent saturation capacity qe-qde (in g/kg IER), and is defined as follows 
Here, msorbent represents the mass of the sorbent (kg), qe represents the equilibrium capacity of CO2 in the adsorption (g/kgIER), qde represents the capacity of CO2 in the desorption (g/kg IER), ϕv represents the volumetric flow (m 3 /min) of the gas introduced to the reactor and CCO2 represents the concentration of CO2 in the gas entered the reactor (g/m 3 ).
The gas capture efficiency of CO2 ('gas efficiency') is calculated from the experimental determined CO2 concentration in the gas leaving the reactor, using the following equation:
The saturation efficiency of the adsorbent ('solid efficiency') is calculated as:
In Eq. (4), CCO2, in and CCO2, out represent the concentration of CO2 in the inlet gas and outlet gas stream of the reactor. In Eq. (5), qt (g/kgIER) represents the adsorbed CO2 capacity of the sorbent at adsorption time t.
The overall mass balance of the adsorption process:
The Eq. (6) can be reduced to:
Where, t is the duration of the adsorption (min), ηs and ηg are the solid efficiency and gas capture efficiency.
Process economics
The evaluation (and optimization) of the adsorption duration is based on process economics, which include the cost of the sorbent, cost of the contacting energy and the regeneration energy.
The cost of the sorbent per ton CO2 captured is calculated by 
Where MCO2 is the molar mass of CO2, cyclic yield has strong relevance to the solid efficiency based on Eq. (9). With the (conservative) assumption of the desorption time equals to the adsorption time, the number of cycles is calculated as
Moving forward to the contacting energy, the contacting energy is calculated by 2 3 [
The pressure drop in Eq. (11) 
In equation (12) and (13) the energy costs Celec and Ctherm are respectively the costs for electric energy and thermal energy. Hrx and Cp,IER are the heat of the reaction and the heat capacity of the solid. The regeneration energy in this study only considers the heat of reaction (Hrx) and the sensible heat to heat up the solid. The effect of superficial velocity was measured in fixed bed reactor with a loading of 1g of sorbent at different superficial velocities. The change of velocities results in altering the stoichiometric time according to Eq. (3). Fig. 2 shows the relation between ηs, ηg and tads/tsto at superficial gas velocities of 0.05, 0.1, 0.2, 0.3 m/s at a temperature of 298K and at a CO2 partial pressure of 40 Pa. The intersections of the experimental determined efficiency lines (where ηs = ηg) indeed appear at t = tsto, which is in agreement with the theoretical derivation (in Eq. (7)). The stoichiometric saturation time tsto represents the minimum time required to saturate the sorbent, which equals to 84, 42, 21 and 14 min respectively at uG = 0.05, 0.1, 0.2 and 0.3 m/s.
Results and Discussion
The effect of gas velocity and amount of sorbent
The superficial velocity has an influence on the uptake rate of CO2, since the time to reach 80% saturation decreases from 120 min to 62 min when the gas velocity increase from 0.05 m/s to 0.3 m/s. The influence of superficial velocity is associated with CO2 supply to the adsorbent. The CO2 supply is proportional to the velocity when the CO2 concentration of inlet gas is constant. Besides, an increase of adsorption time to reach 80% saturation of the adsorbent by a factor of 2 (from 62 to 120 min) instead of 6 (from uG= 0.3 m/s to uG= 0.05 m/s) indicates there is a certain extent of limitation from intra-particle diffusion or reaction kinetics. This finding is also supported by the value of ηs or ηg at t/tsto = 1 decreases from 0.65 to 0.32 when the velocity increases from 0.05 m/s to 0.3 m/s. The intra-particle diffusion was related to the morphology of the adsorbent, and was reported to limit the uptake rate of CO2 at low temperature (e.g. 25 °C) for several types of mesoporous solid amines [18, 19] . Fig. 3 shows the kinetics of CO2 adsorption from ambient air of Lewatit 1065 in comparison to other solid amines. Here we present the comparison using the adsorption half time at different stoichiometric times. Adsorption half time is the time required to reach 50% of the maximum adsorption capacity. In the cited studies [6, 20, 21] , the adsorption capacity of the sorbents, the flows and the amount of sorbents are different. Therefore, the adsorption half time is plotted in Fig. 3 versus the stoichiometric time, in order to normalize for differences in adsorption capacity, amount of adsorbent and flow. This concept takes all of these into account and unifies the various experimental conditions among various adsorbents and studies. The adsorption half time of AEAPDMS-NFC-FC is 92 min, much longer than 55 min of the IER used in this study, while the stoichiometric time of both adsorbents are almost the same (81 min vs. 84 min). The stoichiometric times of various PEI/silica are similar to Lewatit at uG = 0.1 m/s. The adsorption half time of A-PEI/silica is 196 min, the minimum among various PEI/silica adsorbents, nevertheless it still three times longer than Lewatit (43 min). Note that AEAPDMS-NFC-FC and HAS6 were studied at humid conditions. It is not clear from these references to what extent the CO2 adsorption kinetics for these sorbents are influenced by the presence of water. Besides, PEI/silica were tested in thermogravimetric analyzer (TGA) while other adsorbents were tested in fixed bed reactor. There is probably mass transfer limitation to the sorbent at the bottom measured in TGA. According to Choi et al. [21] , the adsorption half time of HAS6 was constrained by mass transport through the pores. The fast kinetics of CO2 adsorption for current IER might be attributed to larger pores (38 nm) versus 4.9 nm for the HAS6 sorbent and the larger pore volume (0.2 cc/g vs. 0.11 cc/g respectively). Large pores is beneficial for permeability of CO2 and accessibility of amine. Fig. 3 confirms that the IER used in this study, Lewatit 1065, shows good performance with respect to adsorption kinetics for capturing CO2 from air and is worth further study in practical application. Heat of reaction Hrx (kJ/g) [11] 1.7
Cost of thermal energy from natural gas Ctherm (€/GJ) [23] 3.44
Cost of electricity Celec (€/kWh) [24] 0.10
Daily operating time (h) 24
Cost of the IER CIER(€/kg) (assumption) 13
Lifetime of the IER LIER (y) 3.0
The choice of adsorption time determines not only the solid efficiency but also gas capture efficiency (see also Fig. 2 ), while both ηs and ηg are related to process economics. A high solid efficiency saves the cost of the sorbent and regeneration energy and a high gas efficiency reduces the cost of the contacting energy. However, the variation of the ηs and ηg with adsorption process time are opposite. A 100% gas efficiency can be reached at the initial stage when the sorbent is free from CO2. On the other hand, a complete saturation of the solid is a time consuming process; the last 20% of saturation of the IER almost takes the double amount of adsorption time, thereby reducing enormously the amount of possible cycles per day. Hence, there is a trade-off between solid efficiency per cycle and number of cycles per day, making the choice for an optimum process time for adsorption a crucial process design variable.
We evaluated the choice of the adsorption time on the total cost of the process with the parameters listed in Table  1 . The total cost contains cost of the sorbent, cost of the contacting energy and cost of the regeneration energy. According to Eq. (8), cost of the sorbent is related to the daily yield Yd. Daily yield is obtained by the amount of CO2 captured per cycle multiplied with the number of cycles per day. As what is shown in Fig. 4 (a) , the yield per cycle increases with the increase of the adsorption time. However, the number of cycles per day decreases with the increase of the adsorption time. After multiplication of these parameters, there is a decrease of daily yield with increasing adsorption time because the average uptake rate of CO2 decreases with an increase of adsorption time. The uptake rate of CO2 is related to the CO2 loading in the sorbent, it decreases when the loading of CO2 in the sorbent increases. Since both the daily yield and the gas capture efficiency decrease with increasing adsorption time, there is an increase of the cost of both the sorbent and the contacting energy based on Eq. (8) and (12) . However, the decrease of adsorption time is accompanied by a decrease in the solid efficiency. As a result, it consumes more energy (and leads to higher costs) to regenerate the same amount of CO2. Fig. 4 (b) displays the effect of adsorption time on the cost of the sorbent, the contacting energy and the regeneration energy for a selected superficial gas velocity of 0.3 m/s. The turning point / optimum occurs at 1.4•tsto, under the current assumptions and set of prices, accompanied with an operational cost of 58 €/t CO2 captured. This cost contributes 28% to the electricity consumed in the contacting process and 38% to the heat requirement of the regeneration. The energy consumption on the electricity is 0.6 GJ/t CO2 at 118.4 Pa of pressure drop and the thermal energy is 6.5 GJ/t CO2, without any heat integration. As a comparison, Kulkarni et al. [12] estimated an aminomodified silica adsorbent air capture in monolith, and the process requires 0.8 GJ/t CO2 of electricity and 6.0 GJ/t CO2 of thermal energy. Hence, despite the entirely different contactor concept, the results from our analysis are in a similar range as those of Kulkarni et al. For the experiment with superficial velocities of 0.05, 0.1 and 0.2 m/s in air, the cost analyses shows similar trends, as can be seen in Fig. 5 (a) . In Fig. 5 (a) , the optimal costs at uG = 0.05 -0.3 m/s lay all in the range of 0.5-1.5 tsto. The minimum overall cost (52 €/tCO2) in the present study was found at uG = 0.2 m/s, since it enjoys smaller pressure drop than uG = 0.3 m/s as well as higher cyclic operating capacity than uG = 0.05 m/s. Fig. 5 (a) shows that the choice of a proper velocity is crucial for the economics; operating at larger gas velocity saturates the adsorbent faster but gives rise to large pressure drop. However, small velocity has a smaller pressure drop, but leads to lower overall productivity due to a lower number of cycles per day. From the results discussed above, the optimum window for the gas velocity with a loading of 1 g of IER was found to be between uG =0.1 to 0.3 m/s. However, this optimal operating window of the velocity will most likely change somewhat for different bed lengths (different amount of sorbents). To translate the results found to different bed lengths, it seems appropriate to use tsto for relating gas velocity (CO2 supply) and bed length. The tsto corresponding to uG =0.1 -0.3 m/s at 1 g of IER used is between 14 min to 42 min. To test whether the stoichiometric time is a good measure for scale-up and for finding the optimum, experiments were conducted in the same reactor, now loaded with 2 and 3 g of IER. A value for tsto = 42 min (related to the case of uG = 0.1 m/s at a loading of 1 g of adsorbent) was maintained in experiments performed with 0.2 m/s with 2 g of sorbent and with 0.3 m/s with 3 g of sorbent. Fig. 5 (b) shows the comparison of the experimentally obtained solid / gas efficiencies with t/tsto for these three different amounts of sample (covering a threefold increase in bed length). The results for the different bed lengths display great similarities in the development of their solid and gas efficiency with time, when operating at the same tsto. Two conclusions can be drawn from the results. Firstly, external mass transfer does not have a significant influence on the uptake rate of the process, since operating at higher gas velocities results in similar performance. Secondly, the scaling technique based on the stoichiometric time is a useful concept for correlating experimental data, optimization studies and scale-up.
Reactor design
In the sections above, the feasibility of capturing CO2 from air using a supported amine based sorbent in a fixed bed configuration was shown and a preliminary optimization study was done for finding the operating range for the optimum stoichiometric time and the adsorption time for an economic process. A low pressure drop during airsorbent contacting is key for good economics of the process. Based on these considerations (low pressure drop and optimum stoichiometric time), a shallow bed of particles is required. To avoid extreme low ratios of contactor height/diameter, here a radial flow air-sorbent contacting method is selected as contactor for the adsorption step. In a radial flow reactor shown in Fig. 6 (a) , the adsorbent is packed along the axial direction of the reactor and the gas flow passes through the bed of sorbents in radial direction (either inside-out or outside-in) and leaves the contactor at the same or opposite side of the contactor as where the feed enters. A radial flow is easy to scale up as it only needs to increase the length of the reactor instead of the diameter.
The main purpose of the radial flow reactor is to reduce the pressure drop in the adsorption and increase the adsorption performance. Based on the results in section 4.1, a polynomial relation between tsto and its corresponding ηs and g when t = tsto has been established. This relation can be applied for sizing a lab-scale radial flow reactor. We proposed a scheme for calculating the dimensions of a lab-scale radial flow reactor. The assumptions of the calculation are listed as follows: a) For this calculation, the stoichiometric time was specified as 40 min and adsorption time was specified as equal to the stoichiometric time. This stoichiometric time is in the optimal range found in chapter 4.1. b) The cross-sectional area of central tube equals to the cross-sectional area of outer annulus. c) The combination of gas velocity and bed thickness should be realistic and feasible. In view of possible maldistribution a minimum bed thickness equal to 10-15x the particle diameter (say, 1.5 cm for the IER under consideration) seems appropriate. Taking into account above assumptions and the input parameters from Table 2 , the procedure of the calculation is now shown in Fig. 6 (b) . In Table 2 the results of the estimated reactor dimensions, required sorbent amount and the gas flow are listed for a daily productivity of 0.5 kg of CO2. The pressure drop across the bed is calculated to be 140 Pa, according to the equation below 2 (14) The integration of the radius is needed in this calculation, which is integrated from r = 0.075 m to r = 0.09 m according to the results shown in Table 2 . The pressure drop of this proposed radial flow reactor is comparable with the pressure drop calculated in the Kulkarni and Sholl's study [12] to capture CO2 from ambient air in a monolith reactor. The cost of the contacting energy and cost of sorbent are calculated to be 9.3 and 32.6 €/tCO2, using the parameters listed in Table 2 . Table 2 . Reactor dimensions for 0.5 kg CO2 per day.
Conclusion
Amine based sorbents can be used for atmospheric CO2 capture in a fixed bed reactor. Due to the low concentration of CO2 in air, sufficient CO2 supply is an important parameter determining the kinetics of adsorption. Using the stoichiometric time concept, the CO2 supply rate can be linked to bed length, gas removal fraction and sorbent efficiency. In this work, the stoichiometric time for CO2 air capture and IER sorbent under consideration was tested to be at an economic optimum in the range of 15 -45 minutes. The choice of adsorption time has a significant influence on process economics, resulting in an optimal operating window at tad = 0.5 -1.5 tsto. It was demonstrated here that when operating at the same stoichiometric time there was no influence in the uptake rate of CO2 using different amount of sorbents (different bed lengths). A radial flow reactor was proposed and designed for further evaluation of CO2 capture from ambient air. 
